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ABSTRACT 


Heat-transfer  rate,  pressure,  and  force  are  essential  parameters 
which  must  be  measured  in  the  operation  of  a  hotshot  wind  tunnel. 
Transducers  of  the  proper  size,  range,  and  time  reponse  required  for 
making  these  measurements  are  not  generally  available  on  a  commercial 
basis.  Therefore,  developmental  programs  directed  towards  satisfac¬ 
tion  of  these  measurement  requirements  were  undertaken  at  the  AEDC. 
As  a  result  of  these  programs,  transducers  were  developed  which 
enabled  these  measurements  to  be  made.  Recent  developments  have 
resulted  in  measurement  capabilities  and  accuracies  which  are  superior 
to  those  of  transducers  which  were  developed  early  in  these  programs 
(about  1960).  A  description  of  these  improved  transducers  and  their 
performance  characteristics  are  contained  herein. 
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SECTION  I 
INTRODUCTION 

Continuous  efforts  are  made  at  the  Arnold  Engineering  Development 
Center  (AEDC)  to  improve  techniques  for  the  measurement  of  heat- 
transfer  rates,  pressures,  and  forces  in  the  hotshot  tunnels  of  the  von 
Karman  Gas  Dynamics  Facility  (VKF).  Significant  advances  have 
recently  been  made  in  each  of  these  measurement  areas.  A  calorimeter- 
type  heat-transfer- rate  transducer  which  utilizes  a  thin-film  resistance 
thermometer  sensor  has  been  developed  Avhich  provides  a  large  increase 
in  sensitivity  over  thermocouple-type  sensors  previously  used.  Minia¬ 
ture  pressure  transducers  which  employ  semiconductor  strain  gages  have 
been  developed  for  model  pressure  measurements.  These  transducers 
can  operate  over  a  much  wider  measurement  range  (=  0.  05  to  15  psid) 
than  variable  reluctance  models  and  also  require  far  less  maintenance. 

A  six-component  force  balance  which  employs  semiconductor  strain 
gages  for  instrumentation  of  its  load  cells  and  accelerometers  has  been 
developed.  This  balance  has  a  greater  sensitivity  and  lower  interactions 
than  others  which  have  been  used.  Accelerometers  which  can  compensate 
for  the  effects  of  inertial  forces  produced  by  vibration  of  the  model- 
support  system  are  an  integral  part  of  the  balance.  A  description  of  each 
of  these  devices,  all  of  which  have  been  used  satisfactorily  in  tunnel  tests, 
will  be  presented  in  this  report. 

The  hotshot  tunnel  (Ref.  1)  (Tunnel  F)  in  which  these  transducers  are 
used  has  a  100- in.  -diam  test  section,  and  the  run  times  vary  from  50  to 
100  msec.  Instrumentation  used  with  these  transducers  consists  of  a 
carrier  amplifier -demodulator  system  which  provides  a  regulated  5-v, 
20-kc  source  for  transducer  excitation  and  has  a  maximum  voltage  gain 
of  2500.  Data  are  recorded  with  light-beam  galvanometer- type  oscillo¬ 
graphs  and  with  a  high  speed  analog-to- digital  system  which  provides  a 
data  format  acceptable  for  an  electronic  computer. 

SECTION  II 

HEAT-TRANSFER-RATE  MEASUREMENT 


For  the  past  five  years,  model  heat-transfer-rate  measurements  in 
the  AEDC  hypervelocity  facilities  have  been  made  with  a  calorimetric 
transducer  (TCG)  which  uses  a  thermocouple  as  a  temperature  sensor 
(Ref.  2).  Approximately  2500  of  these  transducers  have  been  fabricated 
and  used  for  test  measurements  which  ranged  from  0.  5  to  150  Btu/ft^-sec. 
Although  these  transducers  provide  satisfactory  measurements,  their 
sensitivity  is  low,  and  of  greater  consequence,  the  d-c  signal  produced 
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by  the  thermocouple  is  incompatible  with  the  20-kc  carrier  system  in 
use.  This  incompatibility  requires  that  chopper  modulator  units  (Ref.  2) 
be  employed  with  these  transducers  to  permit  their  use  with  the  20-kc 
carrier  instrumentation.  Therefore,  efforts  have  been  made  to  develop 
a  transducer  which  does  not  suffer  from  these  aforementioned  inade¬ 
quacies.  As  a  result  of  these  efforts,  a  transducer  called  the  RT  gage 
has  been  developed.  This  new  transducer  has  a  sensitivity  approximately 
25  times  greater  than  its  predecessor,  and  it  is  used  in  a  Wheatstone 
bridge  circuit  which  operates  directly  into  a  carrier  system  without  the 
necessity  of  a  chopper  modulator  unit. 

The  gage  developed  (Fig.  1)  uses  a  thin-film  platinum  resistance 
thermometer  to  sense  the  temperature  of  an  aluminum  disk  which  is 
exposed  to  the  heat  flux  which  is  to  be  measured.  The  aluminum  disk 
is  mounted  in  a  thermally  insulated  holder  (nylon)  and  acts  as  a 
calorimetric  mass.  The  film  is  sputtered  (Refs.  3  and  4)  on  the  back 
surface  of  the  disk  and  is  electrically  insulated  from  it  by  a  thin 
(0.  00012  in.  )  anodized  layer  of  aluminum. 

Electrical  connections  to  the  film  are  made  with  small  (0.001-in.  - 
diam)  copper  leads  which  are  attached  with  conductive  epoxy  cement. 
Other  construction  details  are  similar  to  the  TCG  and  are  given  in 
Ref.  2.  The  thin-film  resistance  is  nominally  150  O,  and  its  tempera¬ 
ture  coefficient  of  resistance  is  approximately  1  x  10“"f2/fi/°F. 

For  a  given  measurement,  a  disk  thickness  is  selected  which  will 
result  in  a  maximum  disk  temperature  rise  of  about  175°F;  thicknesses 
of  0.  010,  0.  020,  and  0.  032  in.  are  in  common  use. 

The  basic  theory  enabling  the  slug  calorimeter  to  be  used  for  the 
measurement  of  heat-transfer  rate  is  expressed  by  the  equation 
(Refs.  2,  5,  and  6): 


q  -  p  i  cp  d-l  (1) 

dt 

This  theory  assumes  that  the  calorimeter  heat  losses  are  negligible 
compared  to  its  heat  gains  during  measurement.  Studies  of  the  slug 
calorimeter  have  shown  that  this  is  a  valid  assumption  for  most  hyper¬ 
velocity  test  conditions;  however,  significant  measurement  errors  can 
be  incurred  when  the  tunnel  has  a  ’’hot  start"  (much  higher  heat-transfer 
rate  during  the  tunnel  start  than  during  the  period  of  desired  measure¬ 
ment)  and  thin  calorimeter  disks  (<0.  005  in.  )  are  used.  Use  of  the  RT 
gage  reduces  these  errors  since  thicker  disks  can  be  used  for  a  given 
measurement  than  could  be  used  with  a  TCG  because  of  the  RT  gage's 
increased  sensitivity. 
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Typical  Transducer  Size  Is  0.250-in.  Diameter  by  0.30  in.  Long; 
Aluminum  Disk  Diameter  Is  0. 187  in. 


CO 


Epoxy  Potting 
Resin 


Nylon  Insulator 


Insulation  Removed 
for  Attachment  of 
Ground  Wire 
Sputtered 
Platinum  Film 

Aluminum  Disk 


Back  Surface  of  Anodized 
Aluminum  Disk 

Anodized 
Aluminum  Disk 


Model  Wall 


Two-Conductor 
^Shielded  Cable 


Copper  Tubing 
(Solder  Posts) 
Copper  Lead  Wires 


Fig.  1  Cross  Section  of  Calorimeter-Type  Keat-Transfer-Rate  Transducer  with  Thln-Film 
Resistance  Thermometer  Temperature  Sensor  (RT  Gage) 
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This  theory  also  presupposes  that  the  average  temperature  of  the 
disk  is  indicated  within  allowable  limits  by  the  back  surface  tempera¬ 
ture  of  the  disk  and  that  the  time  lag  between  the  application  of  heat  to 
the  front  surface  of  the  calorimeter  and  the  temperature  response  at  the 
back  surface  is  brief  enough  for  the  intended  measurement  application. 
The  equation  describing  the  time  response  of  the  slug  calorimeter  is 
approximated  by  the  expression: 


t  = 


(2) 


which  can  be  derived  from  expressions  given  in  Ref.  7. 


Figure  2  gives  the  time  response  of  aluminum  calorimeters  of 
various  thicknesses,  and  it  shows  that  the  theoretical  time  response 
of  the  RT  gages  is  satisfactory  for  use  in  Tunnel  F.  (Calculations  show 
that  the  time  lag  introduced  by  the  anodized  insulation  and  the  thin  film 
is  approximately  1  jusec.  ) 


0. 1  p  sec  L.  0  u  sec  10  m  sec  100  p sec  1  nsec  10  msec 

Time  Required  for  Qindicated l0  Reach  Percent  a  Step  ^input 

Fig.  2  Heat-Transfer-Rate  Transducer  (RT  Gage)  Time  Response 


The  relationship  between  the  thin- film  temperature  and  its  electrical 
resistance  is: 


Rt  =  R0  (1  +  a  AT) 


(3) 
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Therefore, 


Rt  -  Ho  =  AR0  =  R0  a  AT 


and  AT  =  (4) 

aR  0 

The  temperature  coefficient  of  resistance  has  been  found  constant  over 
the  operable  temperature  range  of  this  transducer. 

Using  the  relationship  of  Eq.  (4),  Eq.  (1)  can  be  written: 

q  =  (5) 

aR0  <Jt 


By  limiting  the  operating  temperature  of  the  transducer  to  a  value 
(75  to  250°F)  which  permits  p,  and  Cp  to  be  assumed  constant,  Eq.  (5) 
can  be  written  as: 


(6) 


The  resistance  changes  experienced  by  the  thin  film  can  be  con¬ 
veniently  converted  to  voltage  by  the  use  of  a  Wheatstone  bridge  circuit 
as  shown  in  Fig.  3.  The  output  signal  (AEQ)  from  the  bridge  caused  by  an 
increase  in  the  resistance  (AR0)  of  the  thin  film  is  given  by: 


AE0  =  E 


Ro  +  ahc 


R  0  +  AR0  +  R2 


R,  +  Rs 


(7) 


which  can  be  rearranged  as: 


AR 


O 


i. t n  o rt ,  -  R,Ra)  -  AK0  (R,  +  R3)  (Rq  +  Ra) 
AP-o  (R,  +  R,)  -  BRi 


(8) 


RT 

Gage 


Rj  =  R2  =  700  Q 
R0  =  R3  =  150  Q 


Fig.  3  Heat-Transfer-Rate  Transducer  Instrumentation  System 
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It  should  be  noted  that  the  AR0  term  in  the  denominator  of  Eq.  (7) 
results  in  nonlinearity;  i.  e.  ,  AEQ  is  not  directly  proportional  to  AR0. 
However,  by  proper  selection  of  the  bridge  resistances,  the  nonlinearity 
is  insignificant  in  the  operating  range  of  the  RT  gage. 

When  the  bridge  components  are  selected  so  that  Ri  =  R2  and 
Rq  =  Rg,  Eq.  (8)  becomes: 

^ °  4-  R3)  (R D  +•  Ha)  {9) 

LR] 

since  AEQ  (Rj  +  Rg)  is  negligible  in  comparison  to  ERj. 

Combination  of  Eqs.  (5)  and  (9)  gives: 

pi  cp  (R,  +  Rj)  (R0  +  R,)  dE0 
”  aR<,  ERt  dt 

which  can  be  reduced  to: 


<i  =  K,  ^  (10) 

dt 

which  shows  that  the  derivative  of  the  transducer- bridge  circuit  output 
with  respect  to  time  is  directly  proportional  to  the  heat  flux  incident  on 
the  transducer. 

Calibration  of  the  RT  gage  is  achieved  by  the  application  of  a  known 
heat  flux  to  the  gage  and  recording  its  time- resolved  output  signal.  This 
permits  evaluation  of  the  constant  K2.  An  oxy- acetylene  flame  is  used  as 
a  heat  flux  source  for  gage  calibrations  (Ref.  8).  Conventional  shunt 
calibration  techniques  may  be  used  to  transfer  gage  calibrations  from  lab¬ 
oratory  to  tunnel  areas.  Tunnel  data  reduction  requires  multiplication  of 
the  gage  calibration  constant  times  the  derivative  of  the  gage  output  signal 
with  respect  to  time  at  a  given  time  point. 

Tunnel  tests  have  shown  that  the  greater  sensitivity  of  the  RT  gage 
results  in  several  advantages  over  the  thermocouple  transducer: 

1.  A  larger  signal-to- noise  ratio  is  realized. 

2.  Fewer  gages  are  required  to  cover  a  given  measurement  range. 

3.  Thicker,  more  rugged  disks  can  be  used  for  a  given  measure¬ 
ment  . 

4.  Lower  heat-transfer  rates  can  be  measured  (0.  1  Btu/ft^-sec  has 
been  measured), 

A  typical  tunnel  data  trace  is  shown  in  Fig.  4. 
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SECTION  III 

PRESSURE  MEASUREMENTS 


Model  pressure  measurements  in  a  hotshot  tunnel  require  a  small, 
fast- response  transducer  which  can  be  placed  in  the  test  models.  Such 
a  transducer  was  developed  at  the  AEDC  in  1959  (Refs.  9  and  10).  This 
transducer  is  a  variable  reluctance  type  (Fig.  5)  and  is  built  in  full- 
scale  pressure  ranges  of  0.  1,  0.5,  3.0,  and  10  psid  to  encompass  the  re¬ 
quired  measurement  range  of  the  tunnel. 


AEDC 

31578-U 


0.067-in. -ID 


0.0014  ±  0.001-in.  Air  Gap 


Pressure  Port  * 


0 . 001 5- in . - 

Diaphragm  300  Turn 


No.  44  Magnet  Epoxv 

Wire  Coil  P°Xy 

-  0.575-in. — 

Diameter 


0.186 


in . 


Cross  Section 

Fig.  5  Variable  Reluctance  Wafer  Pressure  Transducer 
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This  transducer  has  performed  well  during  six  years  of  usage  but  it 
has  certain  inherent  limitations.  Each  transducer  has  a  limited  range, 
and  the  transducer  is  plagued  by  contaminants  contained  in  the  tunnel 
flow  medium.  These  contaminating  particles  enter  the  transducer  through 
its  pressure  ports  and  are  deposited  in  the  small  gap  (0.  0014  in.  )  between 
the  diaphragm  and  the  transducer's  coils  or  magnetic  center  pole  piece. 

In  this  position,  they  can  prevent  the  diaphragm  from  deflecting  properly 
and/or  distort  the  transducer's  magnetic  flux  field.  The  large  number  of 
transducers  in  use  (400),  coupled  with  the  frequency  of  repair  which  is 
required,  results  in  the  consumption  of  a  large  amount  of  time  spent  in 
maintenance . 

In  consideration  of  these  limitations,  a  strain- gage-type  transducer 
has  been  developed  which  does  not  possess  these  shortcomings.  The 
transducer  has  the  shape  of  a  thin  wafer  (Fig.  6)  permitting  the  installa¬ 
tion  of  several  transducers  in  a  test  model.  A  cross  section  of  the 


Fig.  6  Semiconductor  Wafer  Gage  Assembly 
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transducer  is  also  shown  in  Fig.  6.  The  transducer  is  a  differential 
pressure  measuring  device  with  the  higher  pressure  always  being 
applied  to  the  top  port  as  shown  in  Fig.  6.  Application  of  a  differential 
pressure  produces  a  force  on  the  flexible,  rubber  (latex)  diaphragm  which 
is  transmitted  through  the  phenolic  piston  to  the  cantilever  beam.  The 
cantilever  beam  is  instrumented  with  two  semiconductor  strain  gages 
which  sense  the  deflection  of  the  beam.  The  relative  stiffness  of  the  dia¬ 
phragm  and  cantilever  beam  is  such  that  practically  all  of  the  restraint 
to  the  pressure  loading  is  supplied  by  the  cantilever  beam. 

The  range  of  this  transducer  is  15  psid;  its  sensitivity  is  nominally 
10  mv/psi  when  excited  with  5  v.  Combined  hysteresis  and  nonlinearity 
of  the  transducer  is  ±2  percent  of  full  scale,  and  it  has  a  resonant  fre¬ 
quency  of  about  1300  cps.  The  resistance  of  the  strain  gages  used  is 
120  each,  and  their  gage  factor  is  120.  The  transducer's  coefficient 
of  temperature  sensitivity  is  0.  1  percent/°F  over  the  temperature  range 
from  75  to  120°F.  Effects  of  temperature  on  electrical  zero  are  low 
enough  to  be  inconsequential  in  hotshot  testing  since  the  strain  gages  are 
isolated  from  the  tunnel  flow  by  the  diaphragm  and  phenolic  piston. 

The  response  time  of  the  transducer  (time  required  to  reach  95 
percent  of  full  output)  to  a  pressure  step  of  0.  1  psia  has  been  measured 
as  about  1.  0  msec.  Step  inputs  at  higher  absolute  pressure  levels  result 
in  shorter  response  times.  A  comparison  of  the  response  times  and 
other  characteristics  of  the  semiconductor  wafer  and  the  variable 
reluctance  wafer  is  shown  in  Table  I. 

The  electrical  configuration  which  the  transducer  assumes  is  as 
shown  in  Fig.  7.  The  two  semiconductor  strain  gages  form  the  active 
arms  of  a  Wheatstone  bridge  circuit  which  can  be  excited  with  a-c  or 
d-c  voltages  as  great  as  5  v.  The  carrier  amplifier  instrumentation 
system  in  use  in  the  VKF  permits  full-scale  pressure  measurements 
ranging  from  0.  05  to  15  psid  to  be  made  with  this  transducer. 

From  data  taken  to  date,  indications  are  that  the  maintenance  re¬ 
quired  with  the  semiconductor  wafer  transducer  is  practically  nil  in 
contrast  with  maintenance  of  the  variable  reluctance  model,  A  test 
point  is  cited  below: 

Four  semiconductor  wafer  gages  and  four  variable  reluctance  trans¬ 
ducers  were  employed  for  pitot  pressure  measurements  of  about  1  psi  in 
the  100 -in.  hotshot  tunnel  for  15  consecutive  runs.  The  variable  reluc¬ 
tance  transducers  were  equipped  with  particle  traps  to  offer  some  pro¬ 
tection  from  contamination,  but  the  semiconductor  wafers  were  not. 

None  of  the  semiconductor  gages  had  to  be  replaced,  and  their  calibration 
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TABLE  I 

SEMICONDUCTOR  WAFER  AND  VARIABLE  RELUCTANCE  WAFER 
PRESSURE  TRANSDUCER  SPECIFICATIONS 


Specifications 

Semiconductor  Wafer 

Wafer  Gage 

Type 

Semiconductor  Strain  Gage 

Variable  Reluctance 

Range 

0. 05  to  15. 0  psi 

0. 001  to  10. 0  psi  in  Four  Transducers 

0  to  0. 1,  0  to  0. 5,  0  to  3. 0,  0  to  10. 0 

Size 

0.500-in.  Diameter  by 

0.230  in.  Thick 

0.575-in.  Diameter  by  0. 186  in.  Thick 

Excitation 

5. 0  vdc  or  vac 

5. 0  vrms  20  kc 

Sensitivity 

~2  mv/v/psi 

~60  mv  Full  Scale  for  the  Four  Transducers 

Hysteresis  and 
Nonlinearity 

±2  percent  or  Less  of 

Calibrated  Range 

±2  percent  or  Less  of  Calibrated  Range 

Temperature  Coefficient 
of  Sensitivity 

0. 1  percent/0?  (75  to  125°F) 

0. 03  to  0. 06  percent/°F  (32  to  140PF) 

Resonant  Frequency 

~13  kc 

~3  to  12  kc  Depending  on  Range 

Response  Time 
(95-percent  Excursion) 

1. 0  msec  at  0. 1  psia 

0. 9  msec  at  0. 1  psia 
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Fig*  7  Pressure  Transducer  Instrumentation  System 
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factors  remained  constant  during  the  series  of  runs.  Upon  completion 
of  the  tunnel  tests,  laboratory  calibrations  were  made,  and  these  cali¬ 
brations  agreed  within  1  percent  of  the  laboratory  calibrations  taken 
prior  to  tunnel  entry.  Of  the  four  variable  reluctance  devices,  six  re¬ 
placements  were  required  during  the  15  runs. 

A  typical  oscillogram  recorded  during  a  hotshot  tunnel  run  is  shown 
in  Fig.  4.  This  trace  presents  the  output  from  two  semiconductor  wafers 
used  to  measure  wall  and  pitot  pressures  on  a  2 -in.  -diam  hemispherical 
model.  The  pressure  sensitivity  of  the  wall  transducer  is  0.  04  psi/in. , 
with  the  absolute  value  being  approximately  0.  02  psi.  The  pitot  trans¬ 
ducer  sensitivity  is  1  psi/in. ,  and  pressure  of  approximately  0.  7  psi  is 
measured. 


SECTION  IV 

FORCE  MEASUREMENTS 


A  six-component  force  balance  has  been  developed  for  hotshot 
force  measurements.  The  balance  employs  removable  load  cells  and 
accelerometers  which  are  instrumented  with  semiconductor  strain 
gages.  The  accelerometers  are  used  to  compensate  for  inertial  loads 
which  result  from  vibration  of  the  model  support  during  the  tunnel  test 
period  (Ref.  11).  The  balance  has  been  built  in  two  sizes:  1-in.  OD  by 
5.  683  in.  long  and  1-1 /4-in.  OD  by  5.  683-in.  long.  A  simplified  form 
of  the  arrangement  of  the  load  cells  is  shown  in  Fig.  8.  A  cross- 
sectional  view  of  the  balance  and  a  test  model  are  shown  in  Fig.  9.  A 
photograph  of  the  balance  with  its  outer  shell  removed  is  shown  in 
Fig.  10. 

Strain  gages  which  are  used  for  instrumentation  of  the  load  cells 
are  120  gages,  and  their  gage  factor  is  120.  The  normal  and  side 
force  load  cells  in  the  balance  are  identical.  The  sensor  is  a  semicon¬ 
ductor  gaged  cantilever  beam  loaded  through  a  flexured  rod  which  is 
very  limber  in  all  directions  except  along  an  axis  normal  to  the  gaged 
surface  of  the  cantilever.  The  rolling  moment  load  cell  is  formed  by 
a  thin-walled  cylinder  which  is  gaged  to  provide  torsional  sensitivity. 

A  bellows  acts  as  the  flexural  unit  which  renders  the  cell  relatively  in¬ 
sensitive  to  all  loads  other  than  rolling  moments.  Each  of  the  load  cells 
is  instrumented  as  a  half-bridge  circuit,  and  a  flexible  silicone  com¬ 
pound  is  applied  over  the  strain  gages  to  insulate  them  thermally.  This 
coating  is  required  to  prevent  zero  instability  of  the  gages  when  they  are 
exposed  to  the  hot  gases  which  circulate  over  them  during  tunnel  testing. 
Load  cell  sensitivities  are  typically  3.  5  mv/lb  with  5-v  bridge  excitation. 
Linearity  and  repeatability  are  within  the  tolerances  of  the  readout 
system  ordinarily  employed  (=  ±2  percent).  Figure  11  is  a  photograph  of 
the  load  cells. 
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Fig-  9  Six-Component  Balance  Crass  Section 
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The  accelerometers  which  are  used  to  compensate  for  the  effects 
of  model-support-system  vibration  are  also  shown  in  Fig.  11.  These 
accelerometers  are  merely  gaged  cantilever  beams  with  concentrated 
masses  attached  to  the  end  of  the  beams.  These  gages  are  also  insulated 
thermally  with  a  silicone  compound.  Except  for  the  rolling  moment,  one 
accelerometer  is  required  for  each  force  component.  No  compensation 
is  required  for  rolling  moment. 


By  referring  to  Figs.  8  and  9,  one  can  see  how  the  balance  func¬ 
tions.  Each  of  the  load  cells  attaches  to  an  external  shell  which  is 
supported  entirely  by  the  load  cells.  Each  of  the  cells  provides  stiffness 
in  one  direction,  and  in  unison  they  provide  stiffness  in  all  directions, 
each  helping  to  support  the  other  in  a  particular  plane.  The  model 
attaches  to  the  external  shell,  and  aerodynamic  forces  on  the  model  are 
transmitted  through  the  shell  to  individual  load  cells.  As  can  be  seen 
in  Fig.  8,  the  cells  are  arranged  in  such  a  way  that  a  forward  and  an  aft, 
normal  and  side  force  are  measured  along  with  axial  force  and  rolling 
moment.  By  summing  these  forces  in  an  appropriate  fashion,  the  six- 
components  of  force  which  can  act  on  a  body  are  determined  thusly: 


Yaw  Force 
Yaw  Moment* 
Normal  Force 
Pitching  Moment* 
Rolling  Moment 
Axial  Force 


*  Fya  +  fyf 
(FYp  _  FYA)dY 

=  fna  +  fnf 

=  <FNF  ■  FNA)dN 
=  RM 

=  fA 


Moment  reference  points  are 
midpoints  between  subject  load  cells. 

Compensation  of  inertial  loads  produced  by  vibration  of  the  model- 
support  is  achieved  by  electrically  summing  the  outputs  of  individual 
load  cells  with  their  corresponding  accelerometers  as  shown  in  Fig.  12. 
The  accelerometers  sense  the  acceleration  of  the  model -support;  the 
load  cells  measure  this  acceleration  plus  the  aerodynamic  load  imposed 
on  the  test  model.  With  appropriate  accelerometer  and  load  cell  gains, 
their  summed  signal  represents  the  aerodynamic  force  with  no  accelera¬ 
tion  component. 

The  interactions  (apparent  loads  in  load  cells  which  are  not  being 
loaded)  of  these  balances  are  very  low,  generally  less  than  1  to  2  percent, 
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’Carrier  system  consists  of  regulated  5-v,  20-kc  supply,  bridge 
completion  network,  amplifier,  and  demodulator. 

Ficj.  12  Block  Diagram  of  Instrumentation  Required  for  Measurement  of  One  Component  of  Force 
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with  the  exception  of  side  force  on  rolling  moment  which  can  be 
relatively  large  (5  percent).  The  values  of  the  interactions  present  in 
a  typical  six- component  balance  are  given  in  matrix  form  in  Table  II. 

The  load  range  of  this  type  balance  is  determined  primarily  by 
the  load  cell  dimensions.  Balances  fabricated  to  date  have  had  capa¬ 
bilities  of  measuring  20  lb  on  any  cell  and  rolling  moments  of  10  in.  -lb. 
Forces  as  low  as  0.  02  lb  have  been  resolved  with  the  instrumentation 
system  in  use. 

The  resonant  frequencies  presented  by  this  force  measuring  system 
are  dependent  on  both  the  mass  and  mass  moment  of  inertia  of  the  model 
employed.  For  a  typical  model  constructed  of  balsa,  magnesium,  and 
fiberglass  (weighing  betw'een  100  and  200  g  and  with  a  mass  moment  of 
inertia  of  approximately  0.  07  in.  -lb/sec^),  these  frequencies  are 
typically  1200  cps  with  the  exception  of  rolling  moment  which  may  be 
of  the  order  of  400  cps.  Accelerometer  resonant  frequencies  are  approxi¬ 
mately  1500  cps.  Extreme  care  must  be  exercised  in  model  design  and 
construction  to  avoid  low  frequency  resonances. 

If  model  resonant  frequencies  are  kept  relatively  high,  data  record¬ 
ing  may  be  made  with  a  recording  oscillograph  employing  galvanometers 
with  a  resonant  frequency  of  200  cps.  This  provides  adequate  response 
time  for  the  run  durations  experienced  in  the  VKF  hotshot  tunnels.  The 
galvanometers  also  serve  as  filters  and  remove  the  resonant  frequencies 
of  the  load  cells,  accelerometers,  and  model  from  the  oscillograph 
trace.  A  typical  six- component  test  trace  is  given  in  Fig.  13.  The  in¬ 
dividual  component  sensitivities  are  as  given  on  the  trace. 


SECTION  V 
CONCLUSIONS 


Efforts  directed  towards  the  improvement  of  heat-transfer-rate, 
pressure,  and  force  measurements  in  the  AEDC  hotshot  facilities  have 
resulted  in  the  development  of  transducers  whose  test  performance  has 
shown  them  to  be  superior  to  their  predecessors. 


20 


AEDC-T  R  -66-228 


TABLE  II 

SIX-COMPONENT  FORCE  BALANCE  INTERACTION  MATRIX 


Interactions: 


fnf 

fNa 

fa 

fy 

yf 

Fy 

yA 

RM 

'  fnf 

1 

1 

0.003 

0.  010 

0.002 

0.023 

** 

1 

1 

0.02 

0.002 

-0.001 

0.002 

0.  00 

0.00 

i 

l 

1 

0.00 

0.00 

0.00 

HI 

0. 005 

0. 00 

-0. 005 

1 

1 

1 

** 

-0. 004 

Fv 

yA 

0.00 

-0.003 

-0. 002 

— 

-0.058 

RM 

0.00 

i 

1 

0.04 

0. 00 

0. 00 

0.00 

1 

1 

1 

**Zero  by  Definition 


d  F  ^  Fy 

EXAMPLES:  — —  =  0. 02; - ^  =  0. 010 

dFNA  aFNp 
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resulted  in  measurement  capabilities  and  accuracies  which  are 
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